We determined the complete nucleotide sequence of the A+T-rich region of the ma II type of mtDNA in D. mauritiana . The nucleotide sequence was found to contain 3,206 bp. Three types of conserved element, i.e., type I element, type II element, and T-stretch, were included in this sequence, as reported for D. melanogaster . Comparison between the two species revealed that the type I elements were less conserved than the type II elements. However, each of these type I elements contained a G-stretch within a loop of a putative stem-loop-forming sequence, which has also been observed in D. melanogaster . Moreover, in both type I and type II repeat arrays, the elements closest to the T-stretch diverged the most, due to nucleotide substitution and/or the insertion of short repeats. Sequence comparison of the two complete sequences of the A+T-rich region of D. melanogaster and the ma II type of D. mauritiana , as well as comparison of partial sequences in other types of mtDNA within the melanogaster complex, suggested that the A+T-rich region in this complex has been maintained by concerted evolution after the duplication of two types of element, i.e., type I and type II.
INTRODUCTION
The control region in mitochondrial DNA (mtDNA) is consisted of a single large non-coding region of mitochondrial genome in metazoan animals. In spite of its high variability with respect to nucleotide sequences, the control region is necessary for the initiation of replication and transcription of mtDNA (Shadel and Clayton, 1997) . To date, most studies of this region have focused on mammalian mtDNA. In insects, the control region contains nearly 90% adenine (A) and thymine (T), and thus is referred to as an A+T-rich region. This region has been analyzed in crickets (Rand and Harrison, 1989) , honeybees (Crozier and Crozier, 1993) , grasshoppers (Zhang et al., 1995) , moths (Snall et al., 2002) , mosquitoes (Caccone et al., 1996) , and flies (Clary and Wolstenholme, 1985; Monnerot et al., 1990; Monforte et al., 1993; Lewis et al., 1994; Brehm et al., 2001) , as well as in other insects. These previous studies have identified the sequence of the Ts (T-stretch) and the putative secondary structures in the A+T-rich region. In Drosophila , the replication of mtDNA has been suggested to start at the center of the A+T-rich region, as determined by electron microscopy Wolstenholme, 1978, 1980) . Saitou et al. (2005) successfully determined the replication origins of mtDNA in several insect species, and discussed the evolution of functional elements within this region.
The size of the A+T-rich region is typically approximately 1 kb (short) in most Drosophila species thus far examined. In the case of D. melanogaster and its closely related species, D. mauritiana, D. simulans, and D. sechellia , in which eight types of mtDNA have been reported (Solignac et al., 1986a) , the size of the A+T-rich regions in these species is exceptional, namely, their A+T-rich regions range from about 4 to 5 kb in length. Among these species, D. melanogaster is the only one for which the entire mtDNA nucleotide sequence has been determined, and three types of elements, i.e., type I element, type II element, and T-stretch, have been identified (Lewis et al., 1994) . One-half of the A+T-rich region adjacent to the tRNA ile gene is known to be comprised of five type II elements, and the other half of the A+T-rich region is also comprised of five type I elements. Two T- stretches are present in this region; one of these Tstretches is adjacent to the gene for tRNA ile , and the other is at the center of the A+T-rich region in the opposite strand.
To date, the nucleotide sequences of only two portions of the A+T-rich region in species closely related to D. melanogaster have been examined; it has been demonstrated that these portions also possess these three types of element (Inohira et al., 1997; Tsujino et al., 2002) . The nucleotide sequences of the type II elements are relatively well conserved among Drosophila species. A sequence of approximately 280 bp in length within the type II element is highly conserved, and this element is therefore referred to as a HCSE (Highly Conserved Sequence Element). Restriction analyses have confirmed the repeated structure of this conserved region (Solignac et al., 1986b) . In contrast, the sequences of the other half of the A+T-rich region vary among species (Lewis et al., 1994) . The formation of heteroduplexes between mtDNA molecules derived from different species was observed in the conserved region adjacent to the tRNA ile gene, but such heteroduplexes have not been observed in this variable region (Fauron and Wolstenholme, 1976 ). Although we previously identified the type I elements in the melanogaster complex, the complete array of the repetition of type I elements has not yet been reported. To gain a better understanding of the evolution of the repeated structures and the functional sequences within the A+T-rich region, it will be necessary to analyze its entire sequence in species other than D. melanogaster that exhibit a long A+T-rich region. In the present study, we determined the complete nucleotide sequence of the A+T-rich region of D. mauritiana ( ma II type) and compared this sequence with the corresponding sequence of D. melanogaster . This is the first report to provide a comparative analysis of the repeated sequences together with that of the entire A+T-rich region in Drosophila .
MATERIALS AND METHODS
Fly strain An isofemale strain of D. mauritiana , the g52 strain, which was established from a single female from a wild population in Mauritius, was used in the present study. The mitochondrial genome of the g52 strain was examined by restriction analyses and determined to be of the ma II type according to the Solignac et al. (1986a) .
Cloning and Sequencing Mitochondrial DNA was extracted from adult flies as previously described (Satta et al., 1987) . A 4.4-kb Hin dIII fragment containing the entire A+T-rich region (Solignac et al. 1986a ) was cut by Hpa I into two fragments, a 0.8-kb Hin dIII/ Hpa I fragment and a 3.6-kb Hin dIII/ Hpa I fragment. These fragments were purified by agarose gel electrophoresis and were collected using a QIAEX II Gel Extraction Kit (QIAGEN). The 0.8-kb Hin dIII/ Hpa I fragment was directly ligated into pTV118N (TaKaRa), which was digested by Hin dIII and Hinc II. The 3.6-kb Hin dIII/ Hpa I fragment was partially digested by Ase I, and each fragment was then cloned into pUC118N Hin cII/BAP (TaKaRa).
We also conducted PCR in order to confirm that only one Hpa I site was present, as previously reported (Solignac et al., 1986b) ; for the PCR, the following oligonucleotides were used as primers: 5'-GGTGTATGATGCAC-AAAG-3' and 5'-CTGATAACTTATTCCCCTA-3', which were designed based on the nucleotide sequences of D. yakuba mtDNA (Clary and Wolstenholme, 1985) . The reaction was performed in 50 µ l of solution containing 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 0.1% Triton X-100, 2.0 mM MgCl 2 , 160 µ M of each dNTP, 10 pmol of each primer, approximately 200 ng of the template DNA, and 2.5 U of rTaq DNA polymerase (TOYOBO). The reaction conditions were as follows: 5 min at 94 ° C followed by 30 s at 94 ° C, 30 s at 30 ° C, and 90 s at 60 ° C for 30 cycles. The PCR products were purified using QIAquick PCR Purification Kit (QIAGEN), and then the products were cloned into a pGEM ® -T easy vector using the pGEM-T easy vector system I (Promega). The determination of the nucleotide sequences was carried out at least three times for each clone by the cycle sequencing method, using Thermo Sequence Sequence Analysis The sequences were mapped on the A+T-rich region according to previously analyzed sequences from other mtDNA types (Tsujino et al., 2002) . The sequences were aligned with the corresponding sequences of D. melanogaster (Lewis et al., 1994) by GENETIX software (Version 9.0) and CLUSTAL W (Thompson et al., 1994) , as well as by eye. The number of nucleotide substitutions per site was estimated by the p -distance (Nei and Kumar, 2000) . Neighbor-joining (NJ) trees (Saitou and Nei, 1987) based on the p -distances were constructed for the type I and type II elements within the A+T-rich region using MEGA (version 2.1) (Kumar et al., 2001) . To predict the stem-loop-forming sequences, mfold (version 3.1) was used (Zuker, 2003, http://www.bioinfo.rpi .edu/applications/mfold/old/ dna ). The sequence determined in the present study is deposited in the DDBJ with the accession number AB242844.
RESULTS
The A+T-rich region of the ma II type consisted of 3,206 bp, and the content of A+T was 95.0%.
The organization of the entire A+T-rich region of ma II is illustrated in Fig. 1 . Three types of conserved DNA elements were found. The first one was a T-stretch; one such element was located adjacent to the tRNA ile gene, and the other was at the center of the A+T-rich region in the opposite strand. The second type of element was a type II element containing an HCSE. Two type II elements were identified in ma II, one of which was 465 bp in length and was adjacent to the tRNA ile gene. The other was incomplete, 186 bp in length, and contained a large deletion and numerous substitutions. The A+T content in these two type II elements was 94.4% and 98.4%, respectively. The alignment of the nucleotide sequences of the type II elements of ma II and those of D. melanogaster (Lewis et al., 1994 ) is shown in Fig. 2 . Five type II elements were found in D. melanogaster , and the outermost element adjacent to the tRNA ile gene contained many nucleotide substitutions, and the innermost element was also incomplete. Excluding these unusual elements, the alignment indicated that the type II elements are well conserved between ma II and D. melanogaster . The third type of element identified here was a type I element, which was repeated tandemly, as previously reported in D. melanogaster (Lewis et al., 1994) . The alignment of the four type I elements of ma II and the five type I elements of D. melanogaster is shown in Fig. 3 . As regards the size of the type I elements, it ranged from a length of 263 bp to 386 bp, and the A+T-content ranged from 92.8% to 95.6%. Moreover, the type I elements were less conserved than the type II elements. The average p -distance between the type I elements of ma II and D. melanogaster , 0.250, was twice that of the type II elements, 0.134. The first element of the type I array, i.e., the innermost element, included two short repeat elements near the T-stretch and its repeat unit was 45-bp long. The fourth element, i.e., the outermost element, contained a 66-bp deletion. As regards the A+T-rich region of D. melanogaster containing five type I elements, more nucleotide substitutions were observed in the first element than in the other elements, and short repeat elements were present in the region between the central Tstretch and the first element. Moreover, the type I elements of both ma II and D. melanogaster contained a stretch of four and five Gs, respectively.
It was of note that the number of nucleotides between the type I element and the srRNA gene was relatively large in the ma II type of mtDNA, namely, there were 1,136 bp in this region in ma II, and 649 bp in D. melanogaster . The alignment of this region of these two mtDNA types is shown in Fig. 4 . A G-stretch was found only in the ma II type of mtDNA, and the flanking sequences of this G-stretch were not homologous to those in the type I element. 
DISCUSSION

Conserved motif in the type I element and its downstream region
The sequence analysis of the entire A+T-rich region of D. mauritiana ( ma II) revealed for the first time that the type I elements exist as tandem repeats in a species other than D. melanogaster (Lewis et al., 1994) . Comparison of the species showed that the type I elements were not as conserved as the type II elements. This has also been suggested for other closely related species, as based on partial sequences (Inohira et al., 1997; Tsujino et al., 2002) . The results of the present study revealed certain characteristics unique to the type I element. In spite of its high A+T-content, the repetition of Gs was observed in every type I element in the ma II type of mtDNA, as well as in that of D. melanogaster . The maII type had an additional G-stretch downstream of the type I element. It should be noted that the mfold program predicted the presence of stem-loop-structures in the vicinity of these G-stretches, and each putative secondary structure had Gs within this loop (Fig.  5) . A similar structure has been predicted in the case of other Drosophila species as well. This structure might be related to the termination of primary strand replication, since it is located downstream of the putative pri- mary origin of replication (Brehm et al., 2001) . It is thought that the replication of mtDNA molecules starts immediately downstream of the T-stretch in the center of the A+T-rich region in Drosophila, as well as in that of certain insect species (Saitou et al., 2005) ; however, the termination of primary strand replication has not yet been fully elucidated. In mammals and in some other vertebrates, the primary replication of mtDNA is arrested downstream of short conserved sequence elements referred to as TASs (termination-associated sequences) (Saccone et al., 1999) . It has been suggested that the termination of replication regulates the mtDNA copy number within cells (Brown and Clayton, 2002) . Therefore, the type I elements might be associated with mechanisms important for the maintenance of mtDNA in Drosophila.
Concerted evolution of the A+T-rich region We pre- viously reported the partial sequences of the type I elements and type II elements of other mtDNA types that belong to the melanogaster complex (Inohira et al., 1997; Tsujino et al., 2002) . Figure 6a shows the NJ tree based on the alignment of the type I elements among the seven mtDNA types. The topology was consistent with that for the coding sequences of mtDNA (Ballard, 2000) , except that the divergence of D. simulans (siII) occurred earlier than that of D. mauritiana (maI), D. simulans (siI), D. simulans (siIII), and D. sechellia. This NJ tree confirms that elements within a single mtDNA type are much more similar to each other than to those of different mtDNA types. A type I element and a type II element were detected in D. yakuba (Inohira et al., 1997) , which is a typical species with a short A+T-rich region, and they were also detected in D. teissieri (data not shown), which belongs to the yakuba complex, with high sequence homology to that of D. yakuba (Monnerot et al. 1990 ). Therefore, it appeared that duplication of these elements have occurred after the divergence of D. yakuba and a common ancestor of the melanogaster complex, and that the number of elements have subsequently increased or decreased. Without recombination, one of the mechanisms that might have generated such repetition of elements would be slippage during mtDNA replication (Buroker et al., 1990) .
The NJ tree based on the alignment of the type II elements is shown in Fig. 6b . It is indicated in this tree that the innermost type II element of D. mauritiana (maII) accumulated many substitutions. In D. melanogaster, the outermost type II element accumulated more substitutions than the other elements. The elements adjacent to the T-stretch might be prone to accumulate substitutions by an as of yet unknown mechanism. The topology has been shown to differ from that of the coding sequences of mtDNA (Ballard, 2000) . Since the sequences used in this analysis were only those elements around the T-stretch in other types of mtDNA, the reasons for this discrepancy in the topology would be difficult to be clarified.
Function of the T-stretch As described above, the innermost type II element was incomplete due to a large deletion, and there were short tandem repeats around the T-stretch in the center of the A+T-rich region in most types of mtDNA in the melanogaster complex examined thus far. The complete sequences of the A+T-rich region in D. mauritiana (maII) and D. melanogaster further confirmed this observation. In D. melanogaster, the type I element and type II element in the center of the A+T-rich region contained more substitutions than did the other elements (Figs. 2 and 3) . The innermost type II element was incomplete, and there were short repeats between the central T-stretch and the innermost type I element. It was also observed that in D. mauritiana (maII), the innermost type II element was incomplete, and that the innermost type I element contained short repeats.
Every type of mtDNA in the melanogaster complex has two T-stretches in different DNA strands within the A+T-rich region, one of which is adjacent to the gene for tRNA ile , and the other in the center of the A+T-rich region. This has also been reported in studies of other flies (Lessinger and Azeredo-Espin, 2000) and even other insects (Zhang et al., 1995; Snall et al., 2002; Saitou et al., 2005) . T-stretches are thought to be a conserved motif among insects and are most likely associated with some function of mtDNA. In D. obscura and other Drosophila, it was reported that mtDNA replication starts from 1 bp downstream of the T-stretch (Saitou et al., 2005) . Longley and co-workers (2001) suggested that errors caused by faulty polymerase γ, which functions in mtDNA replication, may be particularly prone to frame-shift mutations when homopolymeric runs in mtDNA are replicated. In the melanogaster complex, the short repeats around Tstretches might be generated by slippage in replication, and substitutions might occur due to polymerase γ-induced errors.
To gain a more precise understanding of the mechanism of concerted evolution in the A+T-rich region, and to clarify the function of the T-stretch, further comparative studies of the A+T-rich region in the melanogaster complex and in other species will be necessary.
